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INTRODUCTION
The transition from high school to university is a daunting experience for many students. In first-year engineering, students face a heavy course load in the fundamental mathematics and sciences required for success in engineering. Unfortunately, many students do not see the connection between these subjects and their growing understanding of the practice of engineering [1] . To address these issues, the first-year teaching team for the Mechatronics Engineering (MTE) program at the University of Waterloo (UWaterloo) devised the idea of Tron Days [2] .
Tron Days is a semi-structured set of challenges that takes place over the course of two days; in 2017, October 5-6. In these challenges, the class of nearly 225 students work through smaller problems, each relating to one of the courses taught that term, and which tie into a larger problem that draws on knowledge from all courses. These challenges bring in concepts from the classroom to physical problems that are relevant to the practice of engineering [2] and provide an opportunity to actively engage with the material [3] .
Based on exit survey data from students graduating from the undergraduate program, Mechatronics students typically struggle to understand how chemistry integrates with the rest of their program.
Chemistry for Engineers, ChE102, is a required course for the majority of the engineering programs at UWaterloo. The intended learning outcomes for this course include, being able to:
• Explain the behavior of ideal systems (including different states of matter, physical and chemical equilibrium and reaction kinetics) in terms of the molecular nature of matter,
• Write balanced chemical reactions and perform stoichiometric calculations,
• Apply the Ideal Gas Law while appreciating the limitations of this law,
• Identify which principles of physical chemistry are relevant to the analysis of problems involving physical and chemical equilibrium and rates of reaction, and
• Select and apply an appropriate law to solve problems described above and explain the reasoning to others in the field of chemistry and/or chemical engineering.
The graduate attributes for this course focus on the knowledge base for engineering and problem analysis. Despite the heavy analytical component, the course is taught exclusively through lectures and tutorials. Laboratory experiments and inquiry-based classroom activities have been shown to increase student selfefficacy, leading to a higher likelihood of long-term success in the sciences [4] [5] [6] . To address this need, the authors designed a self-contained laboratory style exercise as a part of the 2017 Tron Days event.
In this Tron Days event, known as the Chemistry Small Problem, students worked in self-selected groups of four to design and build a U-tube manometer from a collection of tubing and fittings. Then, students used their manometer to measure pressure of the gas generated in a simple reaction. This allowed a connection to the concepts and analysis taught in the lectures with the physical experiment, as well as a brief introduction to elementary laboratory procedure. This 90-minute activity was completed by approximately 225 students, simultaneously, in a large non-laboratory space. All 57 groups completed the activity within the allotted time.
The event provided an effective method for the students to gain a physical understanding of the material covered in class with a sufficiently challenging approach [7] [8] [9] . The challenge forced the students to explore topics covered in class, make connections between concepts, and iterate on their design, rather than just passively absorbing the material [10] . When designing the activity, careful consideration was made to ensure that the students were challenged at an appropriate level relative to their skill set, so that they were not bored with a trivial activity, but not overwhelmed with an overly difficult one [7] .
Through the end of term survey, the authors queried the students about their experience with Tron Days in general and more specifically about the Chemistry Small Problem. Connections to graduate attributes not usually associated with ChE102 were also queried, since the activity was designed to provide the students with an introduction to engineering tools, life-long learning, investigation and design [11] .
METHODS
For our implementation of Tron Days 2017, we began with the development of the larger problem as a teaching team. The first step was to identify a connection point between the concepts covered in each course within the first four to five weeks of term. Armed with that information, we set to identifying an artefact of interest to our target audience, first-year Mechatronics Engineering students, that connected the five courses: MTE100 (Mechatronics Engineering), GenE121 (Digital Computation), ChE102 (Chemistry for Engineers), Math115 (Linear Algebra) and Math117 (Calculus I).
By first defining a cohesive problem that drew from knowledge of the relevant course material, we were able to define a problem that fit within the context of the final challenge. Once the general problem was defined, a twoaxis arm using pneumatic cylinders, the small problem was developed to meet the course objectives for chemistry.
Typical bottleneck concepts in ChE102 were given first priority for consideration for the Chemistry Small Problem. In this instance, many first-year students are known to struggle with concepts relating to gas pressure and how it can be measured using a column of fluid, also known as manometers.
Once the subject area of manometers was identified, the next step was to identify a gas-producing reaction that would be safe within our context. Factors considered in this safety assessment include the nature of the gas and other products being produced, the location being nonlaboratory facilities, the number of students in the space, and cost. Given the scale of the activity, that 60 reactions would be occurring simultaneously outside of a fume hood, reactions producing gases like chlorine, hydrogen and even oxygen were discarded. Ultimately, the reaction of baking soda (sodium bicarbonate) and vinegar (acetic acid) to produce carbon dioxide was selected.
The physical setup of the manometer, represented in Fig.  1 was next to be designed. Materials were selected to give the students flexibility in their manometer design while still allowing room for failure. This activity followed many of the principles outlined in [12] and [13] , which indicated effective methods of laboratory instruction, and provided additional opportunities for students to work through Bloom's taxonomy with the material [14] . One of the major components of the larger engineering days problem were pneumatic cylinders powered with a pop bottle reservoir. The reservoir was connected to the cylinder with a special two-way cap. This cap connected to the top of the pop bottle and provided a simple adaptor to ¼" vinyl tubing. University of British Columbia; June 3 -6, 2018 -3 of 7 -
The Chemistry Small Problem incorporated this pop bottle and lid, but was connected to the manometer made of ½" vinyl tubing via an adapter. The vinyl tubing was either taped to a wall, window, chair and/or table to provide a rigid structure for the manometer.
The types and lengths of tubing and the reactant quantities were iterated to find one that was sufficiently easy to measure but would remain controllable. Once these values were determined, a 1/8 tsp (also known as "a dash") scoop was 3D printed to help with dosing the sodium bicarbonate reactant. The decision to provide a standard scoop was made to streamline the set-up of the gas reaction, allowing students to focus more on the design of their manometer and getting the gas reaction going. The acetic acid was portioned using a graduated cylinder. One chemical station was set up for every two groups of four students, with waste buckets and rinsing stations set up throughout the area. The equipment and their quantities are summarized in Table 1 . The instructions provided to the students for the activity also integrated active learning guidelines, such as not focusing too long on a single teaching modality, and giving enough instructions to get the students to engage with the activity without becoming too prescriptive [15] . Each team of four students was provided with a hand-out, breaking the activity into three 30-minute steps. The content of that handout is summarized in Table 2 . If a more detailed description of the activity is desired, please contact the authors directly. • Build a working manometer using the materials provided.
• You will be producing gas in your bottle and measuring the change in pressure using this manometer.
• You can expect the operating range to be between 3000 and 8000 Pa. As part of the continuous improvement initiatives for the Mechatronics Engineering program, an end of term survey was sent out to the students to document their experience during the term. For the past several years, questions relating to chemistry and its integration into the course were posed to the students. The final step in the design of the experiment was the design of the questions in the survey. The types of questions followed previous year's trends so as to obtain comparable results, but were modified to probe specific questions about this activity.
Gas-producing Reaction

RESULTS
Prior to Tron Days, students needed to complete a short safety quiz to prepare them for the activities and wear safety glasses throughout the day. Completion of the safety quiz was enforced and 17 students were asked to complete the quiz before they joined their group at the start of the first day, which they did without issue. No safety issues were observed throughout the two-day Tron Days event.
Teams were also instructed to provide at least two pop bottles with the standard lid per team, preferably of different volume. Each team came to Tron Days equipped with at least two pop bottles.
The students began Tron Days with the 90-minute Chemistry Small Problem. The groups gathered at their assigned tables and moved quickly to begin building the manometers. The groups were provided with a set of instructions, summarized in Table 2 , and a collection of materials, summarized in Table 1 . Teams were provided no further direct guidance, but members of the teaching team roamed the venue to answer any questions and the students were free to use any resources of their choosing and had unlimited access to the internet.
After a moment of looking around lost, the groups quickly conferred, accessed resources from course notes to Google, and assembled something that resembled a manometer. As teams moved on to the next step, to produce some gas, they quickly realized the complexity of completing a relatively simple reaction with any degree of accuracy. An example of a student manometer and the measurement of the gas pressure can be seen in Fig. 2 .
Fig. 2 Student built U-Tube Manometer
As given in Table 2 , the experiment was to be repeated, then the groups were to complete the same process with a pop bottle of a different volume. This provided them with an opportunity to analyze the different aspects of the experiment, and to measure the impact of these changes. This provided an opportunity for the groups to iterate on their experimental design, and another opportunity to follow the engineering design process.
The third and final component of the Chemistry Small Problem was for students to answer questions that looked a lot like typical ChE102 class questions, but referencing the activity they had just completed. This provided concrete experiences for the students to discuss, forming a basis for future discussion in the course on the upcoming topic of reaction kinetics [16] [9].
Once the chemistry activity was completed the students moved onto the remainder of the small challenges and the larger Tron Days problem. However, due to equipment delivery delays, many teams did not use the pneumatic cylinders and opted to use electrical motors instead. The intent behind the pneumatic cylinders was to provide the students with a more intuitive understanding of how changes in gas pressure could be used and reiterate on previous concrete experiences within Kolb's learning cycle [17] .
During the last week of lectures, students were encouraged to answer an optional end of term survey. 191 students responded, largely motivated by a small bonus grade awarded in MTE100 for clicking on the survey link. Students were asked specific questions about the chemistry activity completed during Tron Days similar to questions asked in previous years.
Survey results show that 86.9% of the students felt that the courses they had taken during the term were relevant to their degree and their discipline of engineering, University of British Columbia; June 3 -6, 2018 -5 of 7 -compared to 69.1% in 2016, when Tron Days was first run. Moreover, 84.3% of the students noted that their understanding of how the courses fit in improved over the course of the semester versus 80.4% in 2016. From this information, we can gather that as the term progressed the students began to appreciate and see the relevance of the material to their futures.
With specific reference to the chemistry activity, 79.1% of the students responded that the activity allowed them to understand how a manometer works. This was a considerable improvement, as it was perceived to be a bottleneck concept for students in previous years. 76.4% of the students identified improvements that they could make in their design, with 69.5% of them being able to iterate and implement their modifications. In addition, 56.6% of students indicated that the activity allowed them to better understand the concepts from class, with only 21.5% indicating that they struggled with the activity inferring that it was of appropriate difficulty [7] .
The authors considered these results to be a success given the low cost of the activity, as well as the limited amount of time it required. The entire class of nearly 225 students were able to complete the entire activity in a single 90-minute slot, with many indicating positive results.
DISCUSSION
Feedback from the 2016 Tron Days indicated that students were interested in the idea of a 2-day activity, but were disappointed when the activity turned out to be entirely paper-based. The student desire for a hands-on experience was received by the teaching team and appears to be reflected in the survey data showing student satisfaction with the activity.
In terms of open student feedback, we heard things like "It was fun! It was also nice to be able to apply the concepts we learned in order to deepen our understanding and add meaning to what we are learning." One goal of this activity was to introduce certain tricky graduate attributes to the students, such as life-long-learning and use of engineering tools, to a course that historically had only a "pure science" component to it.
Some of the student comments, like "the instructions were somewhat unclear" suggests that the students were expecting very prescriptive guidelines for the activity, perhaps similar to what they had been given throughout high school. Other students seemed happy to dive into the activity and appreciated the latitude and decisionmaking freedom they were given. This feedback gives the teaching team a good starting point around their comfort level.
The instructor believes that the students should have enough information to "build a manometer" from the exposure in class. Many groups were observed to be accessing websites, googling, and pulling out course notes or textbooks during the activity. This suggests there is quite a spectrum of comfort around self-directed investigation and further supports having students arranged in groups of varying skill levels. Having students working in teams was also perceived to be a good idea since students were observed to be conferring and teaching each other about what they knew, explaining how to adjust their manometer based on the image in the textbook, etc. This peer-to-peer teaching also helps with the transition to become more independent, self-directed learners. This supports the student's metacognitive understanding of knowing what they know and feeling comfortable working on open-ended problems [18] .
"As a group whose initial design didn't work (not enough water, loop was too short), because we had to redo the experiment with proper design, we were left with no time to do the [questions] ." The instructor finds this piece of student feedback concerning because it suggests that the group at least feels that they were running short on time. This suggests that the activity may have been, at least for this group, too complex to complete in the allotted time and therefore not at the intended level of difficulty [7] . The instructor's goal in designing this activity was to have all students involved in all steps and not dividing to complete the task as quickly as possible. Every group submitted their completed worksheet and clean-up was nearly complete by the end of the 90-minute timeslot, so every group appeared to have completed the activity on the actual day of the Chemistry Small Problem. "Building the manometer was valuable, but it's relevance to Tron Days was unclear." Unfortunately, due to the delay in getting all of the parts, the connection point between the Chemistry Small Problem (gas pressure measurement) and the bigger Tron Days activity (pneumatic 2-axis arm) was lost. The plan for 2018 is to keep the same general Tron Days theme but adapt the activity to encourage a stronger use of the pneumatic cylinders, which has already been started with the Mech Days 2018 activity [1] .
Considering the design of the Chemistry Small Problem, it truly was a team effort drawing up technical expertise scattered across campus and the wider community. Please see the list of acknowledgements for the full list of the people who helped make this possible. Designing an activity like this is definitely resource-heavy but the activity should be usable by many hundreds of students in the years to come, both Mechatronics and other disciplines of engineering student taking ChE102. University of British Columbia; June 3 -6, 2018 -6 of 7 -Safety was the primary concern of the ChE102 instructor, while still maintaining a level of authenticity in the activity. The safety quiz before the students walked into the space, the calculations for worst-case scenario of all students producing the maximum amount of carbon dioxide all at the same time, and ventilation were considered.
The structure of the activity was carefully considered, taking into account the good practices of active learning. No part was to last longer than 30 minutes, encouraging the students to shift from research to construction to experimentation to data-recording and finally to analysis and reflection throughout the 90-minute activity. None of the student comments indicated boredom with the activity.
Then the activity was tested many times with input from many people who regularly work with first-year students. Several experiments were run and timed to give a realistic estimate of how long the activity would take to complete. Every layout imagined for the tubing used to produce the manometer was tested. Water was selected as the manometer fluid so the worst case scenario of blowing water out the arm of the manometer, which the instructor observed occur a couple of times during Tron Days, would simply result in some wet students and a need for paper towel to clean up.
One possibility that wasn't considered during the design phase, was that some students would affix their manometer to the conduit leading to an electrical box. Observant and pro-active members of the MTE teaching team quickly resolved the situation. The need for a team of people supporting the students and watching out for their safety cannot be understated.
A small number of grades, equivalent to two of the weekly ChE102 assignments, were given for the completion of this activity and a prize of a couple of bonus points (less than 1% of their final grade) were awarded to the "winning" team. Students didn't appear to be motivated or demotivated by the grades. From focus groups relating to Tron Days in general, students appear to be more internally motivated than externally motivated by grades. No comments about grades appeared in the end of term survey data.
CONCLUSIONS
• Developing and running a large-scale active learning event like this takes a lot of planning up front and a team of people committed to making it a reality.
• The importance and value of the trial phase, running the experiments and trials on model students cannot be underestimated.
• Starting with the goals in mind helps to design a much better activity and prevents last minute redesigns.
• And finally, connecting the activity to something the students will see later, in a future course or after graduation, to help improve buy-in.
